Introduction
The vital role of donor T cells in promoting engraftment and mediating graft-versus-leukemia (GVL) reactivity of allogeneic bone marrow (BM) transplants was established more than 2 decades ago upon the introduction of T-cell depletion for the prevention of graft-versus-host disease (GVHD). 1, 2 We have recently shown that host T-cell-mediated rejection of T-celldepleted BM transplants (TDBMT) can be overcome in a mouse model by adding to the transplant inoculum activated anti-thirdparty donor CD8
1 T cells with central memory phenotype (Tcm); these cells can home to the recipient's lymph nodes and specifically delete host anti-donor T-cell clones. 3, 4 Importantly, these Tcm were shown to be depleted of graft-versus-host reactivity by virtue of their initial stimulation against third-party cells under cytokine deprivation.
In the present study, we addressed a second attribute of antithird-party Tcm, namely their potential GVL reactivity, which could be very valuable for patients undergoing bone marrow transplantation (BMT) following reduced intensity conditioning (RIC).
The possibility that Tcm might exhibit GVL has been indicated initially by our previous unexpected observation in the human setting that both allogeneic and autologous anti-third-party CD8 1 cytotoxic T lymphocytes (CTLs) exhibit in vitro significant killing of B-cell chronic lymphocytic leukemia (B-CLL) 5 and B-cell nonHodgkin lymphoma (B-NHL) cells 6 while sparing acute myeloid leukemia blasts. 5 The killing of B-cell tumors by anti-third-party
CTLs was shown to involve a unique T-cell receptor (TCR)-independent 2-step mechanism. First, long-lasting conjugates are formed between the CTL and the tumor cell. These conjugates are rapidly formed through binding of intercellular adhesion molecule 1 (ICAM-1) on tumor cells by leukocyte function-associated antigen 1 (LFA-1) expressed on effector T cells. Second, a slower process of major histocompatibility complex I (MHC-I)-dependent apoptosis is mediated by binding of the MHC-I a2/3 constant region on the tumor cells to the CD8 molecule on the CTL membrane. However, considering the nonconventional characteristics of this mechanism, it could be argued that this type of killing represents an artificial phenomenon with very little relevance if any to clinical settings. Thus, it was critical to evaluate in an appropriate mouse model whether murine anti-third-party Tcm can mediate significant GVL reactivity in vivo, in addition to their potent tolerizing activity.
Initially, we verified in vitro that mouse anti-third-party Tcm are endowed with antilymphoma reactivity through a TCRindependent mechanism, as was previously shown for their human counterparts. Subsequently, we tested their antilymphoma reactivity in a model simulating minimal residual disease following BMT using bioluminescence imaging (BLI). Strikingly, we discovered that both syngeneic and allogeneic Tcm were able to efficiently eliminate lymphoma cells. This effect was achieved without any GVHD and while sparing naive B cells.
Thus, together with their ability to markedly enhance BM allografting, anti-third-party Tcm can uniquely address both the challenge of engraftment following RIC and the problem of relapse commonly associated with RIC protocols. This novel cell therapy could be highly attractive, particularly for elderly patients with B-CLL and other B-cell malignancies who might not tolerate aggressive conditioning.
Methods Animals
For detailed information on mouse strains used, see "supplemental Methods." Institutional review board approvals were as follows: Institutional Animal Care and Use Committee (IACUC) application number 00520111-4 "TCM GVL in-vitro"; IACUC application number 00510111-3 "In-vivo GVL effect of anti third-party TCMs"; IACUC application number 02850711-1 "Humoral response after treatment with anti third party Tcm."
Flow cytometric analysis
For detailed information on antibodies (Abs) used and fluorescenceactivated cell sorting (FACS) analysis, see "supplemental Methods."
Lymphoma cell lines
A20 lymphoma cells and A20 cells transduced with a luciferase reporter gene (A20 luc) 7 were cultured in RPMI supplemented with 10% fetal calf serum (FCS) and antibiotics.
BCL1-luc cells 7 were thawed and washed twice with RPMI supplemented with 10% FCS before injection.
Preparation of host nonreactive anti-third-party cells
Anti-third-party Tcm were grown as previously described. 3 Briefly, splenocytes from the donor mouse strain (4 3 10 6 cells/mL) were cultured at a 1:1 ratio against irradiated (20 Gy) third-party splenocytes (donor, third-party, and host mice were MHC-I disparate) for 60 hours under exogenous cytokine deprivation at 37°C in a 5% CO 2 incubator. Subsequently, the cells were fractionated on Ficoll-Paque Plus (Amersham Pharmacia Biotech, AB) and CD8 1 cells were positively selected using Magnetic Particles (BD Pharmingen) and cultured (1 3 10 6 cells/mL) with rhIL-15 (20 ng/mL; R&D systems) in an Ag-free environment (in the absence of stimulators) at 37°C in a 5% CO 2 incubator. To attain a purified population at the end of the culture (day 16), the Tcm were positively selected for L-selectin (CD62L, MACS Cell Separation; Miltenyi Biotec, Bergisch Gladbach, Germany). Cell phenotype was then analyzed by flow cytometry (FACScan; Becton Dickinson) for cell size and expression of the activation marker (CD44) and L-selectin (CD62L) within the CD8 compartment.
Mixed lymphocyte reaction killing assay
Lymphoma cells were obtained by Ficoll density gradient centrifugation, after which they were labeled according to the manufacturer's instructions with 0.15 mg/mL CalceinAM (Invitrogen, Carlsbad, CA), a vital dye that is released upon cell death. Cells were brought to a concentration of 1 
GVL mouse models
The A20-luc model. Host mice (BALB/c; 12-13 weeks of age) were exposed to a single dose of lethal total body irradiation (TBI; 8 Gy) on day 21. The following day (day 0), the mice were intravenously administered a transplant of 3 3 10 6 syngeneic (BALB/c) or allogeneic (B6) nude BM cells with or without 5 3 10 3 A20-luc cells. On day 11, selected mice received anti-third-party Tcm cells in the indicated amounts. Tumor localization, migratory patterns of A20 cells, and tumor load were monitored using an in vivo imaging system.
The BCL1-luc model. Host mice (BALB/c; 12 weeks of age) were exposed to a single dose of lethal TBI (8Gy) on day 21. The following day (day 0), the mice were intravenously administered a transplant of 3 3 10 6 syngeneic (BALB/c) nude BM cells with or without 1 3 10 3 BCL1-luc cells. On day 11, selected mice received anti-third-party Tcm cells in the indicated amounts. Tumor localization, migratory patterns of BCL1 cells, and tumor load were monitored using an in vivo imaging system.
In vivo imaging
The in vivo GVL model was established as described in the previous section. At the indicated times posttransplant, the mice were anesthetized with ketamine (100 mg/kg; Kepro, Holland, Netherlands) and xylazine (20 mg/kg; Kepro) injected intraperitoneally. Mice were then injected intraperitoneally with an aqueous solution of D-luciferin (150 mg/kg Cat#XR-1001, Xenogen; 30 mg/mL in phosphate-buffered saline) 10 minutes prior to imaging. The mice were then monitored using the optical whole-body imaging system (IVIS 100, Xenogen) coupled with a Pixelfly QE (PCO, Kelheim, Germany) charge-coupled device camera. Image processing and data analysis were performed using Living Image 3.2 software.
GVHD evaluation
Mice receiving allogeneic transplants were evaluated for symptoms of GVHD; the mice were monitored for survival and for external signs of GVHD including ruffled fur, hunched back, and weight loss.
Purification of naive CD8 T and B cells and lipopolysaccharide activation
For detailed information, see "supplemental Methods."
Measurement of antigen-specific immunoglobulins by ELISA
Anti-TNP antibodies in the serum of immunized mice were measured by enzyme-linked immunosorbent assay (ELISA). ELISA plates (Nunc; Maxisorp, Rochester, NY) were coated with 10 mg/mL TNP bovine serum albumin prepared as previously described. 9 Doubling dilutions of serum were made and incubated for 30 min at 37°C. Following washing in phosphate-buffered saline/0.05% Tween-20, plates were incubated with horseradish-peroxidase-conjugated polyclonal goat anti-mouse Fab (Jackson ImmunoResearch Laboratories, West Grove, PA). Antibody binding was detected by addition of TMB substrate (Sigma, St. Louis, MO) to the washed plates and the optical density at 630 nm filter was measured 10 minutes after substrate addition using an ELISA reader (BioTek, Winooski, VT).
Statistical analysis
The analysis of survival data was performed using Kaplan-Meier curves (log-rank test). Comparison of means was conducted using the Student t test.
Results
Anti-third-party CD8 Tcm induce apoptosis of lymphoma cells ex vivo through a TCR-independent mechanism mediated via LFA-1/ICAM-1 interactions
To verify whether mouse A20 lymphoma cells can serve as a target for TCR-independent killing by anti-third-party Tcm, we initially tested their ex vivo cytotoxic capacity in short-term cultures. As can be seen in Figure 1A , (BALB/cxB6)F1-derived anti-thirdparty Tcm, which are not alloreactive against BALB/c parental cells, effectively killed A20 target cells derived from BALB/c origin (33.2% 6 10.4%), in contrast to nonactivated naive CD8 T cells, which barely killed the A20 targets (5.4% 6 5.9%). These results are similar to our previous results using human cells in which autologous anti-third-party CTLs were found to be effective in eradicating pathological cells. 5, 6 In accordance with their human counterparts, the Tcm-induced death of the mouse lymphoma cells was through apoptosis. Thus, the proportion of A20 lymphoma cells binding Annexin V was significantly increased upon interaction with F1 anti-third-party Tcm, from 5.3% 6 2.2% to 14.7% 6 4.5%, respectively ( Figure 1B-C) .
Next, we examined whether murine anti-third-party Tcm, similarly to human anti-third-party CTLs, eliminate lymphoma cells via a TCR-independent mechanism. To that end, we used an OT-I Rag 2/2 transgenic mouse strain whose T cells solely express a TCR transgene specific for the SIINFEKL peptide of ovalbumin presented on H2K b ; this target antigen is not expressed by A20 lymphoma cells. As shown in Figure 2A , Tcm derived from OT-I Rag 2/2 mice induced killing of lymphoma cells (43.9% 6 3%) in comparable levels to that exhibited by nonalloreactive (BALB/ cxB6)F1-derived anti-third-party Tcm (35.3% 6 2.4%), confirming that this killing is indeed TCR independent. To define whether similar to human anti-third-party CTLs, 6 LFA-1, ICAM-1, and CD8 are involved in the killing mechanism, we used blocking Abs. As demonstrated in Figure 2B , preincubation of lymphoma cells with anti-ICAM-1 neutralizing Ab or preincubation of the anti-third-party Tcm with anti-LFA-1 or anti-CD8 neutralizing Ab inhibited the killing by 25.4% 6 3.9%, 59.5% 6 4.4%, and 56.9% 6 2.8%, respectively. Taken together, these results verify the relevance of the mouse model to our earlier observation that human anti-third-party CTLs kill malignant B cells ex vivo through a TCR-independent mechanism mediated by apoptosis upon initial conjugate formation via LFA-1/ICAM-1 interactions. The possibility that this TCRindependent killing was mediated by a contaminating population of natural killer (NK) or natural killer T (NKT) cells was ruled out by staining B6-derived anti-third-party Tcm at the end of their preparation process using a pan-NK and NKT marker Ab (NK1.1). 10 FACS analysis shows that there is no distinct population of NK or NΚT cells in the generated anti-third-party Tcm preparation (supplemental Figure 1A) . Moreover, the possible involvement of the NKG2D receptor, an important receptor for the recognition of malignant cells by NK cells, NKT cells, and certain subsets of gd T cells, [11] [12] [13] was negated by our finding that addition BLOOD Following the verification that mouse anti-third-party Tcm exhibit TCR-independent killing of A20 lymphoma cells ex vivo, we proceeded to test their potential GVL activity in vivo in a mouse model specifically designed to study minimal residual disease. This model simulates the common clinical condition found following autologous or allogeneic BM transplantation in patients with B-CLL or other types of lymphoma. For this purpose, we used an A20 B-cell lymphoma cell line clone expressing a luciferase reporter gene stably integrated into the genome (A20-luc) 7 enabling us to monitor by bioluminescence imaging (BLI) the fate of the lymphoma cells 7 following adoptive transfer of anti third-party Tcm cells.
Initially, we tested the ability of syngeneic (H-2 d ) anti-thirdparty Tcm to eradicate lymphoma in vivo, excluding the contribution of possible alloreactive mechanisms. Thus, BALB/c recipient mice were lethally irradiated with 8Gy TBI (day 21) and infused the following day with 3 3 10 6 BM cells from syngeneic BALB/c-NUDE donors in the presence or absence of 5 310 3 A20-luc lymphoma cells (day 0). On the next day, mice were treated intravenously with syngeneic anti-third-party Tcm. Disease burden was assessed by weekly BLI beginning on day 14. As can be seen in Figure 3A , mice that received syngeneic TDBM and were not treated with anti-third-party Tcm all succumbed to lymphoma (tumor overload) before day 30, with median survival of 22 days ( Figure 3B ). In contrast, adoptive transfer of 5 3 10 6 syngeneic anti-third-party Tcm after syngeneic TDBM transplantation resulted in marked reduction of tumor burden as reflected by BLI and prolongation of survival to a median of 47 days (P , .0001; data not shown). Further improvement was found with increased Tcm doses, leading to 28.5% and 42.9% survival at 100 days posttransplant, with median survival of 49 and 80 days upon infusion of 1 3 10 7 or 2 3 10 7 Tcm, respectively ( Figure 3B) . A similar trend of tumor attenuation in vivo upon infusion of syngeneic Tcm was also found with an additional B-cell tumor cell line, namely BCL1 (supplemental Figure 2A-B ; P , .001).
Allogeneic anti-third-party Tcm eradicate residual disease with no signs of GVHD We next tested the potential GVL reactivity of fully allogeneic Tcm after allogeneic TDBM transplantation. Thus, BALB/c recipient mice were lethally irradiated with 8Gy TBI (day 21), and on day 0, 3 3 10 6 T-cell-depleted allogeneic BM (TDBM) cells from a B6-nude donor were infused in the presence or absence of 5 3 10 3 A20-luc lymphoma cells. On the following day, mice were treated with 5 3 10 6 donor-type B6 anti-thirdparty Tcm (A201Tcm). Disease burden was then assessed by weekly BLI from day 14 to day 100. As can be seen in Figure 4A , BLI images demonstrated that TDBM-transplanted mice not treated with Tcm developed significant disease burden, and all the mice in this control group succumbed to the disease before day 28 ( Figure 4B ). Strikingly, all mice receiving allogeneic anti-third-party Tcm were clear of any detectable tumor during the entire observation period, and all of these mice survived more than 100 days post-BMT. Importantly, the infusion of Tcm was not associated with any symptoms of GVHD. Thus, while cleansed of residual A20 lymphoma cells, the weight (supplemental Figure 3) and overall appearance of mice receiving allogeneic anti-third-party Tcm were similar to that exhibited by the control group receiving a transplant of allogeneic nude TDBM in the absence of Tcm or lymphoma cells.
The reduced GVL efficacy of syngeneic anti-third-party Tcm compared with their allogeneic counterparts is associated with lymphoma cell infiltration to the CNS The comparison between syngeneic and allogeneic Tcm in our GVL model suggests that while effective elimination of peripheral tumor burden in nearly all mice tested was attained by both treatments (Figures 3A and 4A) , the overall survival of syngeneic recipients was markedly inferior compared with mice receiving allogeneic Tcm (Figures 3B and 4B ). This discrepancy could be explained in part by the apparent slower GVL kinetics exhibited by syngeneic compared with allogeneic Tcm (Figures 3A and 4A) , likely enabling infiltration of lymphoma cells into the central nervous system (CNS) sanctuary not accessible to the Tcm due to its unique immune-privileged state.
14 Indeed, although clear of lymphoma signal in anterior view, this was indicated by the observation that recipients of syngenic Tcm suffered from paralysis in their hindlimbs and further clarified by a posterior view examination revealing lymphoma signal located in the head and the spinal column areas ( Figure 5 ). Gross pathological evaluation, upon dissecting and separating the CNS from the cranium and the spinal column, revealed lymphoma cells residing within the CNS and not in the protective bones ( Figure 5) .
The enhanced survival attained with allogeneic Tcm without any manifestation of CNS metastasis strongly suggests that the allogeneic treatment is advantageous, possibly as a result of an additional alloreactive GVL effect that, together with the TCRindependent mechanism of killing, is capable of eradicating residual disease before it can disseminate into the CNS.
Anti-third-party Tcm spare normal B cells
A major issue in cell therapy of cancer is the level of antitumor specificity exhibited by the infused cells. Thus, it was important to define in vivo the potential killing of normal host B-cell subpopulations. To address this question, a syngeneic minimal residual disease model was established as described above, except that 2 3 10 7 F1-derived anti-third-party Tcm that can be For
b expression was used instead of syngeneic Tcm. To investigate whether Tcm can adversely affect host B cells in vivo, B-cell levels were defined 3 weeks after transplantation in mice responding beneficially to F1 Tcm treatment. As can be seen in Figure 6 A-B, while mice responding to the Tcm treatment did not exhibit any signal of residual disease, the size of their B-cell population in the spleen was comparable to that found in the BM control group not receiving Tcm (31.3% 6 9.6% vs 38.6% 6 5.6%, respectively). Importantly, at this time point, the Tcm still persisted in the treated mice ( Figure 6C ), indicating that while Tcm induce marked killing of lymphoma cells, they do not adversely affect normal B cells, which persist in the treated mice.
The enhanced sensitivity of lymphoma cells to killing by antithird-party Tcm can be explained, at least in part, by their relative high expression of ICAM-1 due to the malignant activation process 15, 16 ( Figure 6A ). In line with this hypothesis, naive B cells, which express low levels of ICAM-1, were not killed by the Tcm. In contrast, nonmalignant lipopolysaccharide (LPS)-activated B cells exhibited upregulation of ICAM-1 ( Figure 7A ) and showed enhanced susceptibility to killing by the Tcm (Figure 7B ), although at a significantly reduced level compared with the killing of lymphoma cells ( Figure 7B) . Clearly, as ICAM-1 is also expressed by many other cell types that are not susceptible to killing by Tcm, other molecular changes are likely critical for this unique TCRindependent killing mechanism and for the observed disparity between normal and malignant cells.
However, considering our finding that B cells that were artificially activated in vitro by LPS were also killed to some extent by the Tcm, it could be argued that Tcm therapy might be associated with an adverse effect on posttransplant humoral responses. To address this possibility, 5 weeks after syngeneic TDBMT and adoptive transfer of 10 7 syngeneic anti-third-party Tcm, recipient mice were challenged with a common TNP-KLH/CFA vaccine. Ten days after vaccination, serum was collected and the level of anti-TNP antibodies was measured. As can be seen in Figure 7C , a significant elevation in anti-TNP antibodies was found in recipients of Tcm compared with their levels prior to the vaccination, although an insignificant reduced trend was seen compared with control mice receiving TDBM without Tcm. Similar results were found when allogeneic Tcm and TDBMT were used (data not shown). Importantly, when vaccinated at 5 months posttransplant, anti-TNP Ab levels in mice treated with Tcm were comparable to those found in control group, which received BM in the absence of Tcm (supplemental Figure 4) . Thus, while exhibiting strong GVL effect against lymphoma B cells, Tcm therapy was associated with very mild and statistically insignificant short-term impact on primary humoral response.
Discussion
The most common cause of death after allogeneic BMT is relapse of the primary disease, occurring in nearly 40% of the patients who suffer from hematologic malignancies.
17 Donor-lymphocyte infusion offers an important approach to address this challenge; however, the high risk for GVHD associated with donorlymphocyte infusion dampens the wide use of this mode of therapy. 18 For patients with advanced B-CLL or NHL, the most common treatments are either autologous BMT after intensive conditioning or allogeneic BMT following RIC. [19] [20] [21] The former is limited to patients who can tolerate the harsh conditioning, and therefore excludes many elderly patients who make up the majority of the B-NHL population. Thus, a recent report from the Center for International Blood and Marrow Transplant Research supports the use of the latter for such patients. 22 However, the risk of organ toxicity and infections associated with graft rejection or GVHD following allogeneic transplantation is still a major concern in this setting. 23, 24 Thus, the use of RIC that is followed by TDBMT, which results in a low rate of chronic GVHD, is currently evaluated in major centers. 25 In this context, enhanced relapse rates likely represent the major risk due to the small number of donor T cells in the inoculum. Our present study clearly demonstrates that this major concern could potentially be overcome by donor anti-thirdparty Tcm, which exhibit striking antilymphoma reactivity both in vitro and in vivo.
Furthermore, our demonstration that administration of donor Tcm in the allogeneic setting led to tumor elimination and overall survival of 100% of the mice while having very little adverse effect on the level of normal B cells and their ability to generate a primary humoral response suggests that Tcm therapy could be advantageous compared with BMT following rituximab-based conditioning or treatment with T cells transfected with chimeric TCR directed against CD19, 26 both of which were found to be associated in B-cell lymphoma patients, with markedly reduced Bcell counts and immunoglobulin G levels for 1 to 2 years following BMT. 27, 28 In patients who can tolerate intensive conditioning, a second treatment modality that could be considered based on our data is the use of Tcm in the context of autologous BMT. This procedure, which is free of graft rejection or GVHD risk, is associated with less transplant-related mortality but is clearly more prone to relapse compared with allogeneic T-cell-replete transplants. Therefore, the use of Tcm therapy could be attractive even though it was associated in our model with protracted relapse as a consequence of tumor cells harbored in the CNS.
This superior GVL reactivity of allogeneic Tcm could be mediated in part by potential contamination in Tcm preparations with residual alloreactive naive T cells, which might exist even in the absence of clinical manifestation of GVHD. Likewise, BMderived donor-type alloreactive NK cells generated de novo after transplantation could potentially exert GVL reactivity without inducing GVHD and strengthen the TCR-independent GVL mechanism of Tcm operational in the syngeneic setting.
However, the inferior efficacy of syngenic Tcm in clearing A20 tumor cells in the CNS might be less problematic in humans, as CNS involvement is known to occur only in the minority of lymphoma patients. 29 Furthermore, it can be addressed in the human setting by prophylaxis with methotroxate. 30 Thus, the full potential of Tcm therapy should also be considered for patients undergoing autologous BMT.
Notably, considering that inbred mice kept under sterile conditions are less prone to GVHD compared with humans, translation of this approach to the clinical allogeneic setting might require additional allodepleting steps, 31, 32 even though recipients of allogeneic Tcm did not exhibit symptoms of GVHD in the present study or in other mouse models. 3, 33 In conclusion, our study demonstrates that anti-third-party Tcm kill malignant B cells in a TCR-independent mechanism while sparing naive B cells. Using in vivo imaging, we were able to simulate and monitor the common threat of postchemotherapy minimal residual disease. This model was used to demonstrate the effectiveness of activated anti-third-party Tcm in overcoming residual disease, both in a syngeneic and an allogeneic setting. The former, which is associated with less transplant-related mortality, could be advantageous if CNS involvement can be controlled, whereas the latter might prove more effective overall if using adequate T-cell depletion to prevent GVHD. Furthermore, considering our previous demonstration of tolerance induction by these cells, 3 the Tcm can offer a "double-supportive effect" of enhancing BM allografts and, at the same time, inducing GVL reactivity without causing GVHD. Such cell therapy could be highly attractive for patients with B-CLL and other B-cell malignancies who might not tolerate aggressive conditioning due to age or performance status. Further clinical evaluation of both treatment modalities is warranted.
